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Hepatitis C virus NS3 helicase can unwind double-stranded
DNAandRNAand has been proposed to formoligomeric struc-
tures. Here we examine the DNA unwinding activity of mono-
meric NS3. Oligomerization was measured by preparing a fluo-
rescently labeled formofNS3,whichwas titratedwith unlabeled
NS3, resulting in a hyperbolic increase in fluorescence anisot-
ropy and providing an apparent equilibrium dissociation con-
stant of 236 nM. To evaluate the DNA binding activity of indi-
vidual subunits within NS3 oligomers, two oligonucleotides
were labeled with fluorescent donor or acceptor molecules and
then titrated withNS3. Upon the addition of increasing concen-
trations of NS3, fluorescence energy transfer was observed,
which reached a plateau at a 1:1 ratio ofNS3 to oligonucleotides,
indicating that each subunit within the oligomeric form of NS3
binds to DNA. DNA unwinding was measured under multiple
turnover conditions with increasing concentrations of NS3;
however, no increase in specific activity was observed, even at
enzyme concentrations greater than the apparent dissociation
constant for oligomerization.AnATPase-deficient formofNS3,
NS3(D290A), was prepared to explore the functional conse-
quences of oligomerization.Under single turnover conditions in
the presence of excess concentration of NS3 relative to DNA,
NS3(D290A) exhibited a dominant negative effect. However,
under multiple turnover conditions in which DNA concentra-
tion was in excess to enzyme concentration, NS3(D290A) did
not exhibit a dominant negative effect. Taken together, these
data support a model in which monomeric forms of NS3 are
active. Oligomerization of NS3 occurs, but subunits can func-
tion independently or cooperatively, dependent upon the rela-
tive concentration of the DNA.
Helicases are ubiquitous enzymes required for virtually all
cellular processes involving nucleic acids, including replication,
transcription, translation, repair, and recombination (1–5).
These enzymes catalyze unwinding of double-strandedDNAor
RNA by converting chemical energy from ATP hydrolysis into
mechanical energy for nucleic acid strand separation.However,
there is considerable variability in the quaternary structure of
the active forms of helicases. Some helicases function effec-
tively in unwinding activities as monomers, whereas others are
active as dimers or oligomers. For example, bacteriophage T4
gp41 helicase and Escherichia coli DnaB helicase form hexam-
eric structures that encircle and sequester single-stranded
DNA (6, 7). Indeed, a large number of helicases form and func-
tion as hexameric structures (3). PcrA, a Gram-positive bacte-
rial helicase, translocates on single-stranded DNA as a mono-
mer (8) and has been proposed to unwind double-stranded
DNA as a monomer (9). Bacteriophage T4 Dda helicase has
activity in the monomeric form (10) but demonstrates more
efficient unwinding activity under conditions where multiple
helicase molecules bind a given substrate molecule (11). It has
been shown that E. coli Rep helicase unwinds DNA as a dimer
(12). UvrD has also been proposed to perform unwinding func-
tions most optimally as a dimer (13) despite the fact that the
monomer can translocate on ssDNA2 (14). However, a func-
tional monomeric form of UvrD has been proposed based on
biochemical and crystallographic studies (15, 16). In short, the
oligomerization of helicases appears to increase the efficiency
of unwinding, although monomeric helicases can translocate
on ssDNA. Hence, oligomerization of helicases has been
intensely studied, and the role for oligomerization is under
debate for some enzymes.
The hepatitis C virus-encodedNS3 (nonstructural protein 3)
is a 631-amino acid residue, bifunctional enzyme containing a
serine protease in the amino-terminal 180 residues and an
NTPase-RNA helicase in the carboxyl-terminal 451 residues
(17). Each of the two domains can be expressed separately and
retain activity (18). However, the activities are interdependent,
since recently it was shown that the NS3 helicase domain stim-
ulates the serine protease activity (19). Both protease and heli-
case activities are required for viral replication (20). NS3 binds
to a protein co-factor,NS4A,which activates the protease activ-
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ity (21). Crystal structures of NS3 and NS3 helicase domain
(NS3h) have been reported (22–25). NS3 helicase has a 3 to 5
directional bias in unwinding, it is capable of unwinding both
RNA and DNA double helices, and it binds more avidly to
U-rich or dT-rich nucleic acid substrates (26–28). The kinetic
and physical mechanisms for full-lengthNS3 andNS3h activity
remain an active area of investigation.
Several laboratories have reported on the oligomeric state of
full-length NS3 through different methods and have arrived at
differing conclusions regarding the active species, including
monomer, dimer, and oligomer (29–33). Dumont et al. (29)
have reported that NS3 is active as a monomer with an 11-bp
kinetic step size in optical trap unwinding experiments. Sere-
brov and Pyle (32) have reported that the active form of NS3
helicase is a dimer with an 18-bp kinetic step size through the
use of a unique set of randomly nicked substrates. Tackett et al.
(33) have reported that multiple molecules of NS3 bind to a
single DNA duplex and are required for optimal unwinding.
Most recently, Sikora et al. (34) have shown that NS3 can form
oligomeric structures and that the enzyme’s optimal DNA
unwinding activity correlates with formation of those struc-
tures. The question arises as towhether themonomeric formof
NS3 also hasDNAunwinding activity and, if so, how it relates to
the oligomeric forms of the enzyme.
Several kinetic and physical methods exist for determining
the oligomeric state of helicase enzymes. Poisoning the activity
of an ensemble with inactive protein has been used to illustrate
interactions or the lack of interactions among protein mono-
mers for the NS3 helicase domain (35, 36). However, the study
demonstrating interactions based on a dominant-negative phe-
notype has been reinterpreted as a functionally cooperative
interaction that does not require canonical protein-protein
interactions (37).
In order to address the question of whether oligomerization
or cooperativity is required for DNA unwinding by hepatitis C
virus (HCV) NS3, a series of experiments were performed to
measure NS3 unwinding activity under a variety of conditions.
Previous experiments were designed to maximize processivity
by using a vast excess of enzyme over nucleic acid. In the cur-
rent report, NS3 unwinding activity was measured over a range
of enzyme concentrations and enzyme-to-substrate ratios in
order to examine the activity under conditions that disfavor
binding of multiple helicase molecules to a single substrate
molecule. Such conditions should allow discernment of heli-
case activity that can be attributed to monomeric as compared
with oligomeric forms of this enzyme.
EXPERIMENTAL PROCEDURES
Materials—HEPES, EDTA, -mercaptoethanol (ME), SDS,
MOPS, Tris, NaCl, Na4EDTA, SDS, BSA, HEPES, acrylamide,
bisacrylamide, MgCl2, KOH, ATP, formamide, xylene cyanole,
bromophenol blue, urea, glycerol, and MgCl2 were purchased
from Fisher. Sephadex G-25, phosphoenolpyruvate kinase/lac-
tate dehydrogenase, NADH, ATP, and phosphoenolpyruvate
were from Sigma. Poly(U) was purchased fromAmersham Bio-
sciences. DNA oligonucleotides were from Integrated DNA
Technologies and purified by preparative gel electrophoresis
(38). [-32P]ATP was purchased from PerkinElmer Life Sci-
ences. T4 polynucleotide kinase was obtained fromNew England
Biolabs.Recombinant full-lengthNS3,NS3(D290A), andNS3-tet-
ra-Cys were derived from 1b replicon consensus sequence and
expressed and purified as SUMO fusion proteins.3 The sumoyla-
tion was removed during the purification process by incubating
the crudely purified protein with Ulp 1 protease. NS3 helicase
domain (NS3h) derived from the same Con 1b sequence was
expressedandpurifiedaspreviouslydescribed (39).A formofNS3,
NS3-tetra-Cys, was engineered to have a tetracysteine cassette
(Cys-Cys-Pro-Gly-Cys-Cys) located at the C terminus of the
protein by using the QuikChange mutagenesis kit (Stratagene).
NS3-tetra-Cys and FlAsH-EDT2 (Invitrogen)were incubated at
4 °C for 5 h with gentle agitation. After dialysis to remove free
dye,85% of the protein was found to have bound the dye. The
resulting labeled protein was referred to NS3-FlAsH.
Multiple Turnover DNA Unwinding—NS3 was prepared in
25 mM MOPS (pH 7.0), 10 mM NaCl, 0.1 mM EDTA (pH 8.0), 2
mM ME, and 0.1 mg/ml BSA. DNA substrate (15 nt/30 bp, the
longer strand radiolabeled with 32P) was added to 100 nM, and
the mixture was incubated at 37 °C for 5 min. The sequence of
the 45-nt oligonucleotidewas 5-GACTGACGCTAGGCTGA-
CAGGACGTACTACT15-3. The sequence of the 30-nt com-
plementary strand was 5-GTAGTACGTCCTGTCAGC-
CTAGCGTCAGTC-3. The unwinding reaction was initiated
by the addition of 5 mM ATP, 10 mM MgCl2, and a 30-fold
excess of DNA trap to bind the displaced strand and prevent
reannealing to the radiolabeled product. At appropriate time
points, a 10-l aliquot of the reaction mixture was transferred
to a centrifuge tube containing 200 mM EDTA, 0.7% SDS, 0.1%
bromphenol blue, 0.1% xylene cyanol, and 6% glycerol. The
double- and single-stranded DNAwere resolved via native 20%
polyacrylamide gel. The radiolabeled substrate and product
were detected using a PhosphorImager (Amersham Bio-
sciences). Quantitation was performed with ImageQuant soft-
ware (GE Healthcare), and the ratio of single- to double-
strandedDNAwas plotted as a function of time.Datawere fit to
a straight line using Kaleidagraph (Synergy Software, Reading,
PA). Identical experiments were performed at 100 and 500 nM
NS3wt incubated with varying amounts of ATPase-deficient
NS3(D290A) with 100 nM and 1.25 M substrate, respectively.
Single Turnover DNAUnwinding—NS3 (250 nM NS3wt with
variable NS3(D290A)) and DNA substrate (2 nM 15 nt/30 bp,
the longer strand radiolabeled with 32P) were prepared in 25
mMMOPS (pH 7.0), 10mMNaCl, 0.1mMEDTA (pH 8.0), 2mM
ME, and 0.1 mg/ml BSA. The protein(s) was co-incubated for
90 min at 37 °C. Substrate was then incubated with the pro-
tein(s) for 5min. Reaction components were incubated at 37 °C
using a circulating water bath. The unwinding reaction was
initiated by the rapid addition of 5 mM ATP, 10 mM MgCl2
(unless otherwise specified), 30-fold excess DNA trap, and
10-fold excess poly(U) protein trap using an RQF-3 Rapid
Quench Flow instrument (KinTek Corp., Austin, TX). The
reaction was quenched after 0.1–30 s by adding 200 mM EDTA
and 0.7% SDS. Bromphenol blue (0.1%), 0.1% xylene cyanol, and
6% glycerol were added to each, and the double- and single-
3 D. Sikora, B. Sikora, and K. D. Raney, manuscript in preparation.
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strandedDNAwere resolved via native 20%polyacrylamide gel.
The radiolabeled substrate and product were detected using a
PhosphorImager, and quantitation was performed with Image-
Quant software (GE Healthcare). Data were converted to con-
centration of ssDNA product as described (33).
Fluorescence Anisotropy Assay—Experiments were per-
formed at 37 °C using a PerkinElmer Life Sciences Victor3V
1420 multilabel counter. Measurements were integrated over a
0.2-s detection period. The instrument lamp energy was at the
maximum setting, and filters were set to 485 nm for excitation
and 535 nm for emission. The polarizing aperture was set to
normal, and the excitation aperturewas set to 4mm.NS3-tetra-
Cyswas labeledwith FlAsHandprepared as described (40). The
labeled protein was referred to as NS3-FlAsH. A solution of
NS3-FlAsH (50 nM) was titrated against an increasing concen-
tration of NS3wt or NS3h in buffer containing 25 mM MOPS,
pH 7.0, 10 mMNaCl, 0.1 mM EDTA, 1 mM ME, and 0.1 mg/ml
BSA. Triplicate samples were incubated at 37 °C for 90 min
prior tomeasuring fluorescence polarization.Datawere plotted
as the average of three independent experiments with S.D.
values.
Fluorescence Resonance Energy Transfer Assay—Measure-
ments weremade using a SLMAminco-Bowman Series 2 lumi-
nescence spectrometer. The temperature was regulated at
37 °C with a circulating water bath. The excitation wavelength
was set to 550 nm with a band pass of 0.5 nm. The emission
wavelength was set to 668 nm with a band pass of 8 nm. Buffer
consisted of 25mMMOPS, pH 7.0, 10mMNaCl, 0.1mM EDTA,
1 mM ME, and 0.1 mg/ml BSA. 5-Cy3-labeled and 3-Cy5-
labeled, noncomplementary, 8-base oligonucleotides were
added to the buffer to a final concentration of 500 nM each. The
sequences for the probes were 5-GTCACACT-Cy5–3 and
5-Cy3-AGCATCAG-3. NS3wt or NS3hwas then titrated into
solution, and the intensity of emission at 668 nm was detected.
Data for NS3wt were plotted as the average of three experi-
ments with S.D. values. The experiment was repeatedwith each
oligonucleotide probe at 2.5 M, and NS3wt was titrated into
the solution.
RESULTS
Fluorescence Anisotropy of NS3-FlAsH with NS3wt or NS3h—
Previous work has indicated that NS3 interacts with itself.
Results have indicated a dimeric form of the enzyme (30, 32),
whereas other studies have suggested that larger oligomers can
also form (34). As a biophysical method of investigating the
interaction of NS3 with itself, a fluorescence anisotropy assay
was employed. Fluorescence anisotropy is a technique that
reports on the size and shape of a species in solution (41). If the
size of a species increases upon interactionswith a binding part-
ner, then the degree of fluorescence polarization increases.
Conversely, if a species is broken into smaller units upon mix-
ing, then polarization decreases. To conduct these experi-
ments, we prepared a variant of NS3 containing a peptide (Cys-
Cys-Pro-Gly-Cys-Cys) on the C terminus (NS3-tetra-Cys) that
binds tightly to a fluorescein derivative termed FlAsH (42, 43).
The labeled protein, NS3-FlAsH, was found to behave similarly
towild-typeNS3with regard toDNAunwinding (supplemental
Fig. 1). NS3-FlAsH was titrated with NS3wt and NS3h in
unwinding assay buffer (Fig. 1). The results show an increase in
anisotropy when the labeled protein is mixed with NS3wt,
whereas little or no change is notedwhen it ismixedwithNS3h.
Fitting the data to the quadratic equation results in an apparent
Kd value of 236 52 nM. This result provides direct support for
NS3 oligomerization in solution and highlights the importance
of the protease domain in mediating NS3-NS3 interactions, as
was previously reported (30). However, one consideration is
that the observed equilibrium dissociation constant in Fig. 1
may be reflective of multiple equilibria, including monomers
associating to form dimers, dimers associating to form tetram-
ers, and so on, in light of previous studies indicating that qua-
ternary structures larger than dimers are likely to exist at con-
centrations of NS3 of 1 M (34).
NS3 Behaves as an Oligomer in Solution That Is Capable of
Binding Multiple Nucleic Acid Strands—To explore whether
NS3 oligomers can bind to DNA, a fluorescence resonance
energy transfer (FRET) experiment was designed to simulta-
neously report on the oligomerization of the protein as well as
the number of active DNA binding sites within the oligomer.
Binding of DNA toNS3 as a function of NS3 concentration was
examined by using oligonucleotides that were designed to bind
in a 1:1 stoichiometrywithNS3. The nucleic acid binding site of
NS3 has previously been shown to accommodate 8 nucleotides
(25). Therefore, Cy3- and Cy5-labeled 8-mers were used as
probes to minimize the possibility of multiple NS3 monomers
binding to an individual nucleic acid sequence. The Cy3 and
Cy5 FRETpairwas chosen based on their successful application
in protein-nucleic acid measurements. The Förster radius for
this pair has been determined to be 61–65 Å (44). Hence, upon
titration of the mixture of oligonucleotides with NS3, FRET
should be observed if the oligonucleotides bind to adjacent sites
within an oligomeric form of NS3 as depicted in Fig. 2A.
The concentration of each nucleic acid was initially set at 500
nM in order to be above the equilibrium dissociation constant
for ssDNA binding under these conditions (7 nM; supplemental
Fig. 2). The raw emission spectra for the oligonucleotide probes
FIGURE 1. Fluorescence anisotropy of NS3-FlAsH titrated with wild-type
NS3 and NS3h. Shown is polarization of 50 nM NS3-FlAsH with wild-type NS3
(F) and NS3h (f) in unwinding buffer. The data were fit to the quadratic
equation using Kaleidagraph software. The resulting observed Kd value from
this fit was 236  52 nM.
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alone and in the presence of 1.5 M NS3 are shown in Fig. 2B.
The emission from the Cy3 fluorophore is reduced in the spec-
trum generated from the sample containing NS3 with a con-
comitant increase in the signal from the Cy5 label, as expected
for a FRET signal. The emission was measured as a function of
increasing NS3 concentration and is plotted in Fig. 2C. Inter-
estingly, the FRET signal reached a maximum at a 1:1 ratio of
protein to nucleic acid strands, which indicates that all of the
protein is capable of binding nucleic acid substrate. Addition-
ally, NS3h, which does not display the oligomeric characteris-
tics of full-length NS3, did not exhibit an increase in FRET
acceptor signal as protein was titrated into a solution contain-
ing labeled oligonucleotides. The sigmoidal shape of the curve
in Fig. 2C suggests that positive cooperativity occurs due to
protein-protein interactions, protein-nucleic acid interactions,
or both. If protein-protein interac-
tions are solely responsible for the
sigmoidal shape, then repeating the
titration at higher nucleic acid con-
centration (and hence higher pro-
tein concentration) may reduce the
sigmoidicity. The concentration of
each oligonucleotide probe was
increased to 2.5 M, and the titra-
tion was repeated. As with the
experiment performed at lower
DNA concentration, the shape of
the binding curve was sigmoidal,
and the FRET signal reached a max-
imum point when the nucleic acid
strand/protein ratio was 1:1 (Fig.
2D). Overlaying the scaled data
from Fig. 2, C and D (Fig. 2E) shows
that both curves demonstrate a very
similar sigmoidal increase in signal,
suggesting that the initial phase of
the curves may due to a threshold
thatmust be exceeded for the devel-
opment of FRET signal. Thus, the
equilbria that are responsible for
the shape of the FRET signal as a
function of NS3 concentration are
likely to involve protein-protein
and protein-nucleic acid interac-
tions. There are several clear results
from this experiment: 1) NS3 forms
oligomeric species consisting of, at
a minimum, dimers in the presence
of nucleic acids; 2) adjacent mono-
mers within the oligomeric struc-
ture are capable of binding nucleic
acid substrates; and 3) all of the pro-
tein is capable of binding to DNA
even after oligomerization.
DNA Unwinding at Varying Con-
centrations of NS3 Indicates no
Increase in Specific Activity under
Multiple Turnover Conditions—
Formation of NS3 oligomeric structures has been correlated
with increasing DNA and RNA unwinding activity by showing
that the burst amplitude for product formation increases with
increasing enzyme concentration (34). The reported experi-
ments were conducted under single turnover conditions in
which the enzyme concentration was similar to or greater than
theDNAsubstrate concentration. The results indicated that if a
monomeric form of NS3 is active, then its processivity is rela-
tively low compared with oligomeric forms.
DNA unwinding can be measured under multiple turnover
conditions in which the substrate concentration is similar to or
greater than the enzyme concentration.Multiple turnover con-
ditions effectively increase the “signal” for measuring DNA
unwinding by allowingmultiple opportunities for unwinding to
occur. If NS3 must oligomerize to function, then the specific
FIGURE 2. Fluorescence resonance energy transfer between Cy3- and Cy5-labeled oligonucleotides
bound by NS3. A, 8-mer oligonucleotides labeled by Cy3 or Cy5 fluorophores were titrated with NS3wt or
NS3h. If the protein forms oligomeric structures that are capable of binding each oligonucleotide in adjacent
sites, then FRET will result. B, scanning emission spectra for samples containing the two oligonucleotide probes
(each at 500 nM) in the absence (E) or presence (F) of 1.5 M NS3wt. The excitation wavelength was 550 nm.
C, the donor fluor (Cy3) was excited at 550 nm, and emission of acceptor (Cy5) at 668 nm was measured as a
function of NS3 (f) or NS3h (F) concentration. Data for NS3 are reported as an average of three experiments
with S.D. values. D, the experiment in C was repeated at a 2.5 M concentration of each oligonucleotide probe
and titrated with NS3wt. E, fluorescence data from C and D were normalized and are shown relative to the
protein/oligonucleotide ratio.
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activity of the enzyme should increase as the enzyme concen-
tration increases. To determine if the active species of NS3
changes with a dependence on enzyme concentration, we
measured unwinding of a DNA substrate under multiple turn-
over conditions over a range of enzyme concentrations, both
below and above the apparentKd value observed by anisotropy.
If NS3-NS3 interactions are necessary for the observed DNA
unwinding activity, then an increase in specific activity with
increasing enzyme concentration should be observed, as long as
DNA unwinding is rate-limiting in the reaction. An increase in
the unwinding rate with increasing enzyme concentration was
observed (Fig. 3A), but no increase in specific activitywasmeas-
ured (Fig. 3B). The rate constant for dissociation of NS3 from
the 15-nt/30-bp substrate is 1 s1.4 NS3 can unwind the
30-bp substrate with a rate constant of 0.4 s1 under optimal
conditions, in which enzyme concentration is much greater
than the DNA substrate concentration (see below). Hence, dis-
sociation of NS3 from DNA is unlikely to limit the rate of the
multiple turnover catalysis. Therefore, the lack of any change in
the specific activity of the enzyme can best be explained if the
enzyme species that is responsible for unwinding does not
change over the concentration range of the experiment. NS3 at
concentrations that are very low (2.5 nM) clearly unwindsDNA.
These concentrations are well below the apparent KD value for
protein-protein interactions (Fig. 1); hence, the simplest con-
clusion is that the monomeric form of NS3 can unwind DNA.
However, the lack of an increase in specific activity at increasing
concentrations of NS3 was surprising, because the data in Figs.
1 and 2 show clearly that the enzyme’s quaternary structure
changes over this concentration range. For comparison, DNA
unwinding was investigated for NS3h under similar multiple-
turnover conditions. No increase in specific activity was
observed for NS3h (Fig. 3C) consistent with behavior of a
monomeric enzyme.
NS3 Activity Is Susceptible to Dominant Negative Effects
under Excess Enzyme Conditions in Vitro—DNA unwinding by
NS3 was measured under excess enzyme, single turnover con-
ditions in the absence or presence of increasing amounts of
NS3(D290A). A D290A mutation in the conserved DEX(H/D)
motif of NS3 abolishes the ATPase activity and consequently
the ATP-dependent unwinding activity of the enzyme.We pre-
viously reported that the DNA binding affinity of the
NS3(D290A) was very similar to that of the wild type protein
(45) (supplemental Fig. 3). Under these conditions, the ampli-
tudes of the unwinding reactions were decreased, and the
observed rates for unwinding were also decreased (Fig. 4A and
Table 1). The observed rates were plotted as a function of the
ATPase-deficient protein concentration (Fig. 4B). These data
were fit to the following equation (35, 46),
R  M  Rwt   Ewt/KDwtEwt/KDwt  Emut/KDmut
n
(Eq. 1)
where R is the observed rate constant for unwinding, Rwt is the
rate constant of unwinding for wild-type protein alone,M is the
rate constant of unwinding for heterogeneous complexes of
4 K. Raney and D. Sikora, manuscript in preparation.
FIGURE 3. DNA unwinding by NS3 or NS3h under multiple turnover con-
ditions with excess concentrations of DNA. A, NS3-catalyzed unwinding of
250 nM 15-nt/30-bp partial duplex DNA by 2.5 (F), 5 (E), 10 (f), 15 (), 20 (Œ),
25 (‚), 35 (), 50 (), 75 (), 100 (), 175 (Œ), 250 (ƒ), 350 (), and 500 nM ()
NS3 under multiple turnover conditions. B, specific activity of unwinding of
15-nt/30-bp partial duplex DNA as a function of NS3 enzyme concentration.
C, specific activity for DNA unwinding of 15-nt/30-bp partial duplex DNA as a
function of NS3h enzyme concentration.
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wild-type and mutant enzymes, [Ewt] and [Emut] are the con-
centrations of wild-type andmutant proteins, respectively, and
KDwt andKDmut are the equilibriumbinding constants ofwild-type
and mutant NS3 to fluorescein-labeled T15 ssDNA (supple-
mental Fig. 3). The exponential value, n, represents the number
of units present in the active complex. The best fit of these data
produced a value for n of 11 6 (Fig. 4B). The data deviate from
a simplemodel of competition for substrate between active and
inactive protein, which is given by Equation 2.
R  Rwt   Ewt/KDwtEwt/KDwt  Emut/KDmut (Eq. 2)
Simulated data based on Equation 2 are shown as the dashed
line in Fig. 4B. The result indicates that, under single turnover
conditions, the reduction in observed rate constants was not
due solely to competitive interactions for substrate between the
wild-type andmutant proteins, indicating that the inactive pro-
tein was interfering with an active oligomer in a dominant-
negative fashion. This result demonstrates that multiple mole-
cules of NS3 are responsible for product formation under
excess enzyme, single turnover conditions, in agreement with
previous reports (33, 34). Furthermore, this result is similar to
investigations of NS3 helicase domain activity (35).
NS3 Activity Is Not Susceptible to Dominant Negative Effects
under Conditions of Excess DNA in Vitro—Thedata in the single
turnover unwinding experiments suggested that an oligomeric
species of NS3 was responsible for optimal DNA unwinding (Fig.
4B).However, results fromthemultiple turnoverDNAunwinding
experiment conducted over a broad range of enzyme concentra-
tions indicated that there was no change in the active species (Fig.
3). One possible explanation for all of these data is that NS3 forms
oligomeric structures but that individual subunits are capable of
functioning alone whenDNA is in excess of enzyme. It is possible
that above theKD value for protein-protein interaction,NS3 exists
as an oligomer but that individual subunits function independ-
ently in thepresenceof excessDNAsubstrate.To test this hypoth-
esis, DNA unwinding experiments were performed with full-
length NS3 in the presence of inactive NS3(D290A) under
multiple turnover conditions andwith excessnucleic acid concen-
tration over enzyme concentration. Experiments were conducted
at NS3wt concentrations of 100 and 500 nM (Fig. 5, B and C,
respectively). The ATPase-deficient form of NS3 had no signifi-
cant effect on the rate of unwinding by wild type NS3 under these
conditions, although the concentration of protein was above the
apparent KD value for protein-protein interactions (Fig. 5, B and
D). This indicates that protein complexes that form between the
variant enzyme and the wild type enzyme do not lead to reduced
activity under these conditions. The simplest explanation for the
absence of any dominant negative effect is that NS3-NS3 interac-
tions are not required for the unwinding activity observed in the
presence of excess DNA substrate.
For comparison, we measured NS3h-catalyzed DNA unwind-
ing of the 15-nt/30-bp substrate under multiple turnover condi-
tions in the presence of anATPase-deficient form ofNS3h con-
taining the same mutation as the full-length protein,
NS3h(D290A). As was observed with full-length NS3, no dom-
inant negative result was observed for NS3h in the presence
of excess substrate and increasing concentrations of
NS3h(D290A) (Fig. 5D).
FIGURE 4. Effect of an ATPase-deficient variant on wild type NS3 activity
under excess enzyme conditions. A, unwinding of 2 nM 15-nt/30-bp partial
duplex DNA by 250 nM wild type NS3 alone (F), or in the presence of 25 (),
125 (Œ), 250 (ƒ), or 500 (Œ) nM NS3(D290A). Data were fit to a single expo-
nential by using Kaleidagraph software, and the kinetic parameters are
reported in Table 1. B, observed unwinding rate constants from A were
plotted as a function of NS3(D290A) concentration. The solid line repre-
sents the fit of the data to Equation 1. The dashed line simulates expected
rates based on a competition between wild type NS3 and NS3(D290A) for
binding to the DNA substrate based on Equation 2.
TABLE 1
Kinetic parameters from single turnover unwinding of 2 nM DNA
substrate by NS3 in the presence of an ATPase-deficient variant of
NS3 (data from Fig. 4)
Reported error represents the S.E. of the best fit of the data to a single exponential
using the program Kaleidagraph.
NS3 NS3(D290A) Observed unwinding rate Amplitude
nM nM s1 %
250 0 0.42  0.04 70  2
250 25 0.17  0.01 60  1
250 125 0.13  0.01 42  2
250 250 0.08  0.02 32  3
250 500 0.11  0.05 16  3
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DISCUSSION
Helicases have been shown to exist in different oligomeric
states in order to carry out their activities on nucleic acid sub-
strates. When oligomeric structures are required for optimal
activity, a question that remains is whether the monomeric
form of the helicase retains activity. Work from several labora-
tories has led to differing proposals regarding the oligomeric
state of NS3. These proposals include NS3 functioning as a
monomer (29, 47), as a dimer (30–32), and as an oligomer (33,
34). The data in this report also appear to provide conflicting
results. Despite the biophysical appearance of oligomeric
behavior in solution, some of the kinetic investigations support
the postulate that the monomer is the least complex, active
species of NS3.
Amodel was developed to reconcile the kinetic and biophys-
ical data and is shown in Fig. 6. In this model, NS3 exists in
equilibrium between monomeric and oligomeric forms, each
capable of binding to and unwinding DNA. Under conditions
where the protein is in excess of the substrate, multiple NS3
subunits bind to the substrate, and their cooperative action
gives rise to rapid and processive formation of ssDNA product.
Under conditions where the DNA substrate is in excess of the
protein, the oligomeric form is capable of binding multiple
nucleic acid strands, which is strongly supported by data in Fig.
2. When NS3 active sites are saturated with DNA substrate or
with annealing trap, the observed activity is similar to that of
monomeric NS3, although NS3 exists as an oligomer. Thus,
interpretation of the kinetic data for DNA unwinding in terms
ofmonomers or oligomers is dependent on the relative concen-
trations of enzyme and DNA. The results in this report support
the conclusion that NS3 exists in equilibrium between mono-
meric and oligomeric species in which themonomeric units are
capable of independent or cooperative function, depending on
the relative concentration of nucleic acid.
Multiple turnover DNA unwinding experiments conducted
by varying the concentration of wild-type NS3 exhibited no
increase in specific activity (Fig. 3). Further, when a fixed
amount of wild-type NS3 was mixed with increasing concen-
trations of an ATPase-deficient variant, no reduction in
unwinding activity was observed under multiple turnover con-
ditions (Fig. 5). These observations, taken together, can be
interpreted as if NS3 behaves functionally as a monomeric
enzymewhen theDNAconcentration is in excess of the protein
concentration. It should be noted that under multiple turnover
conditions, a large excess of annealing trap was present in the
reactionmixture, therebymaking the total nucleic acid concen-
tration in great excess to the enzyme concentration.
Under conditions where substrate is limiting, NS3 appears to
behave as an oligomeric enzyme. Previous reports, as well as the
single turnover experiments reported here, revealed that NS3
FIGURE 5. Effect of an ATPase-deficient form of NS3 on wild type NS3
activity under excess DNA conditions. A, unwinding of 250 nM 15-nt/30-bp
partial duplex DNA by 100 nM wild type NS3 in the presence of 0 (E), 10 (), 25
(), 50 (‚), 100 (F), and 150 nM (f) NS3(D290A) under multiple turnover
conditions. B, unwinding rates from A plotted as a function of NS3(D290A)
concentration. C, unwinding of 1.25 M 15-nt/30-bp partial duplex DNA by
500 nM NS3 in the presence of increasing concentration of NS3(D290A) under
multiple turnover conditions. D, unwinding 250 nM 15-nt/30-bp partial
duplex DNA by 100 nM NS3h under multiple turnover conditions as a function
of NS3h(D290A) concentration. FIGURE 6. Model for NS3 oligomeric behavior in the presence of limiting
or excess DNA substrate. NS3 exists in equilibrium between monomeric and
oligomeric forms in solution. The monomeric form can bind and unwind DNA.
Increasing NS3 concentration favors oligomerization. Upon the addition of a
nucleic acid substrate, NS3 binds along the substrate and exhibits processive
unwinding activity when the enzyme concentration is in excess of the sub-
strate concentration. When the concentration of nucleic acid is in excess of
the enzyme, NS3 is saturated by substrate (or the single-stranded DNA that is
included as an annealing trap). Under conditions in which nucleic acid is sat-
urating, the observed activity can be attributed to active NS3 monomeric
subunits. B, NS3h exists as a monomer in solution. Under conditions of excess
enzyme concentration over DNA concentration, multiple NS3h monomers
can bind to the same substrate molecule, resulting in functional cooperativ-
ity. When the concentration of DNA exceeds the concentration of NS3h, only
one molecule of NS3h binds to the DNA substrate.
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can be a highly proficient helicase when the protein concentra-
tion is in excess of the substrate (33, 48). As shown in Fig. 2A,
70% of a 30-bp substrate was unwound within 20 s. However,
the addition of NS3(D290A) to the wild-type enzyme caused a
dramatic drop in the observed rate constant for unwinding (Fig.
4B). These results are very similar to the results obtained by
Levin et al. (35) for NS3h. The dashed line in Fig. 4B represents
the expected rates if the interaction between NS3wt and
NS3(D290A) was a simple competition for nucleic acid sub-
strates. The data were not reflective of a competition for bind-
ing substrate but showed that the species responsible for
unwinding was a large, oligomeric species consisting of 11  6
units of NS3. A recent report proposed that some DEAD-box
proteins function optimally as “local strand separators” as
opposed to translocating helicases (49). NS3 contains a DExH-
box, but when enzyme concentration is saturating relative to
substrate, it may behave in a similar manner as DEAD-box
proteins.
The model in Fig. 6 can also explain the effects that inactive
NS3(D290A) exerts on NS3wt under the different assay condi-
tions. In both multiple turnover (excess DNA) conditions and
single turnover (excess enzyme) conditions, the concentration
of the active species is fixed, and the concentration of the inac-
tive species is varied. In the case of multiple turnover condi-
tions, the substrate concentration is such that the available
active sites are saturated. If inactive protein binds substrate,
the binding event does not influence the ensemble unwinding
rate because the active NS3 monomers are responsible for the
observed unwinding. Under excess enzyme conditions, multi-
ple molecules of NS3 are responsible for unwinding any one
duplex. In this scenario, the maximal rate for unwinding is only
achievedwhen all of the protein bound to the substrate is active.
As NS3(D290A) is added to the reaction, the variant enzyme
cannot contribute to active DNA unwinding, leading to the
reduction in the observed rate constant for unwinding.
The NS3 helicase domain does not form oligomeric struc-
tures under the conditions examined here. However, an
ATPase-deficient form of NS3h can poison DNA unwinding
activity, as reported by the Patel laboratory (35). The explana-
tion for this behavior is that NS3h exhibits functional cooper-
ativity, in whichmultiplemolecules of enzyme can bind and act
on the same DNA substrate molecule, as shown in Fig. 6B.
When enzyme concentration is in excess of DNA substrate
concentration, NS3h can exhibit kinetic behavior that is con-
sistent with an oligomeric protein, but it is actually multiple
monomers acting on the same substrate. When the DNA sub-
strate concentration is in excess of the enzyme concentration,
only one molecule of NS3h binds to the DNA substrate. Under
such conditions, the addition of an ATPase-deficient form of
NS3h does not poison the reaction, as shown in Fig. 5D. Hence,
the apparent discrepancy in the results is due to the behavior of
NS3h, which is dependent on the relative concentration of
DNA substrate. NS3h has also been shown recently to be capa-
ble of functioning as a monomer, at least in the presence of a
single-stranded binding protein (50).
Mechanism(s) for NS3 translocation and unwinding have
recently been proposed by two groups using single molecule
approaches. The mechanisms are proposed for monomeric
forms of NS3. Dumont et al. (29) used high resolution optical
tweezers to examine RNAunwinding byNS3. Amodel for ATP
hydrolysis-dependent stepping was proposed that includes a
large step of 11  3 base pairs that is made up of substeps of
3.6  1.3 base pairs. Myong et al. (51) used single-molecule
fluorescence analysis to deduce additional substeps of 1 bp that
were coupled directly to ATP hydrolysis and resulted in a
“spring-loaded” movement of the enzyme of 3 bp. The work in
the current report clearly supports a functional, monomeric
form of NS3. It should be noted that the concentrations of NS3
utilized in the single molecule experiments were much lower
than the apparent KD value for protein-protein interactions
reported here (Fig. 1). Hence, the proposed models for DNA or
RNAunwinding put forth by others are not disputed by the data
in this report. It remains to be determined whether oligomer-
ization of NS3 provides an additional or alternative component
to the proposedmechanochemicalmechanisms formonomeric
NS3.
It is likely that HCV genome replication is accomplished by a
multiprotein complex, including, but not necessarily limited to,
both helicase and polymerase enzymes. HCV NS3 helicase and
NS5B polymerase have been shown to interact and modulate
each other’s activity in in vitro assay systems (40, 45, 52–54).
This influence may be indicative of a stronger functional inter-
dependence in vivo. Additionally, NS3 associates with the
NS4A cofactor, which serves as a membrane anchor for NS3
(55). The HCV replication complex is localized within an ER-
derived membrane compartment within infected cells (56).
This probably provides a lipophilic replication environment
that is difficult to recapitulate in vitro and probably influences
the local concentrations of the relevant enzymes and their sub-
strates in a manner that is difficult to predict.
The tendency for NS3-NS3 interactions observed in solution
may reflect in vivo interaction properties of NS3 in any of sev-
eral ways. First, NS3may be only one component of amultipro-
tein HCV molecular motor system. The helicase interaction
with nucleic acid may be stabilized by one or more unknown
cofactors in vivo, or the HCV polymerase may provide some of
themotive force necessary for processive unwinding of double-
stranded intermediates (57). Second, NS3 may interact exten-
sively with the lipid membrane environment at the site of rep-
lication. Removing the protein from this environment would
probably predispose it to nonspecific hydrophobic interactions
in the aqueous environment common to most in vitro activity
assays. Third, NS3may act as a protein complex scaffold during
replication, interactingwith several different viral and host pro-
teins (58). The absence of these natural interaction partners in
in vitro assay systems may result in formation of biologically
nonrelevant protein interactions. It is not clear whether the
conditions that favor greatest activity in vitro are also the con-
ditions that are operable in vivo. There is currently no evidence
that NS3 is required to be highly processive in vivo. Work
reported by Quinkert et al. (59) showed that the concentration
of NS3 greatly exceeds the concentration of HCV RNA in iso-
lated replication complexes. Therefore, it is possible that mul-
tiple NS3 molecules operate on each strand of HCV RNA.
The overall conclusions of this report are that NS3 forms
oligomeric structures in vitro but that the monomeric form is
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active and that monomeric subunits are capable of retaining
independent function within the context of the oligomer. Con-
ditions in which the enzyme is saturated with nucleic acid sub-
strate favor NS3 function as a monomeric subunit. Conditions
that favor oligomerization in the presence of limiting substrate
allow multiple NS3 subunits to function on a single substrate
molecule, thereby producing a more processive form of the
helicase in vitro.
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Supplemental Methods 
DNA binding assay.  DNA binding was carried out using a 2 nM 5’ fluorescein labeled T15mer 
stock solution.  Buffer consisted of 25 mM MOPS ph 7.0, 10 mM NaCl, 0.1 mM EDTA, 1 mM 
β-ME, 0.1 mg/mL BSA.  Serial dilutions of protein were added to the oligonucleotide stock. 
Fluorescence polarization was measured at room temperature using a Perkin-Elmer Victor3V 
1420 Multilabel Counter. 
Single Turnover Unwinding Assay.  NS3-FlAsH was examined for DNA unwinding by using a 
standard single turnover DNA unwinding assay as described in the main text.  The enzyme 
concentration was set at 500 nM and the 15nt:30bp substrate concentration was 2 nM. 
Supplemental Figure Legends 
Supplemental Figure 1.  Unwinding activity comparison among wild-type NS3 ( ), NS3 
tetracys ( ), and NS3-FlAsH ( ).  Data were fit to a single exponential using the program 
Kaleidagraph.  Rates and amplitudes were comparable: 0.15 ± 0.01 s-1, 73 ± 2 % for wild-type 
NS3; 0.15 ± 0.02 s-1, 73 ± 2 % for NS3 tetracys; and  0.25 ± 0.01 s-1, 59 ± 1 % for NS3-FlAsH. 
Supplemental Figure 2.  DNA binding of NS3 to an 8 nt oligonucleotide was measured by 
fluorescence anisotropy in buffer consisting of 25 mM MOPS, pH 7.0, 10 mM NaCl, 0.1 mM 
EDTA, 1 mM β-ME, and 0.1 mg/mL BSA.  The 3’-fluorescein labeled (T)8 substrate was titrated 
with NS3 resulting in an increase in anisotropy.  Data were fit to the quadratic equation using 
Kaleidagraph software resulting in a KD value of 7.0 ± 1.4 nM.  
Supplemental Figure 3.  DNA binding by NS3 and NS3(D290A). NS3 ( ) and NS3(D290A) 
( )  binding to a 15nt single-stranded DNA (T)15 substrate with a 5’ fluorescein label was 
measured by fluorescence anisotropy as a function of increasing concentration of protein.  The 
data were fit to the quadratic equation to obtain equilibrium dissociation constants of 3.1 ± 0.5 
nM and 2.1 ± 0.3 nM for NS3wt and NS3(D290A) variant, respectively. 
Supplemental Figure 4.  The Cy3 and Cy5 labeled oligonucleotide probes were titrated with a 
18mer that contained complementary regions to each 8mer sequences ( ).  Excitation 
wavelength was 550 nm and emission was measured at 668 nm.  For comparison, the Cy3 and 
Cy5 8mers were titrated with an 18 nt oligonucleotide containing a scrambled DNA sequence 
( ).
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